Although several research studies have adopted specific energy consumption (SEC) as an indicator of the progress of improved energy efficiency, publications are scarce on critical assessments when using SEC. Given the increasing importance of monitoring improved industrial energy efficiency and the rising popularity of SEC as an energy key performance indicator (e-KPI), an in-depth analysis and problematization on the pros and cons of using SEC would appear to be needed. The aim of this article is to analyse SEC critically in relation to industrial energy efficiency. By using SEC in the pulp and paper industry as an example, the results of this exploratory study show that although SEC is often used as an e-KPI in industry, the comparison is not always straightforward. Challenges emanate from a lack of information about how SEC is calculated. It is likely that SEC is an optimal e-KPI within the same study, when all deployed SECs are calculated in the same way, and with the same underlying assumptions. However, before comparing SEC with other studies, it is recommended that the assumptions on which calculations are based should be scrutinized in order to ensure the validity of the comparisons. The paper remains an important contribution in addition to the available handbooks.
• SEC is based on assumptions.
• Assumptions for SEC calculations are rarely given.
• SEC is used optimally for comparison when SEC calculations are uniform.
• SEC is most reliable when calculated within the same study using continuous process data.
• SEC emanating from a variety of individual case studies should be used with caution.
Introduction
In order to reach the goal of reducing greenhouse gas (GHG) emissions by 80-95% by 2050 compared to 1990 levels, industry has to improve its energy efficiency [1] . Improving energy efficiency is considered to be the most promising measure to mitigate climate change [2] . The global industrial sector accounted for~42.8 EWh (~154 EJ) in 2014, of which Organization for Economic Co-operation and Development (OECD) countries accounted for 69% (~29.5 EWh) of the global industrial energy end-use [3] . In this context, energy management is of great importance as it aims to reduce companies' energy use and associated energy costs continuously [4] .
As energy management is an important means by which to improve energy efficiency, the use of specific energy consumption (SEC) to identify potential improvements in energy efficiency is seen as an important instrument of energy management. Frequently, in both literature and international standards, SEC is used as an energy performance indicator to evaluate or measure the performance of energy efficiency. For example, Peng et al. [5] used SEC to evaluate changes in energy efficiency in the Chinese pulp and paper industry (PPI) over the period between 1985 and 2010, and Lawrence et al. [6] used SEC to investigate the possible effects of firm characteristics on energy efficiency in the PPI in Sweden. Furthermore, Fleiter et al. [7] used SEC to study energy efficiency in the German PPI and to assess the potential for energy savings, while Farla et al. [8] used SEC to portray changes in energy efficiency in the PPI. SEC is also used for benchmarking, although some concerns about SEC usage in benchmarking have been raised. Although the European standard on energy efficiency benchmarking (16231:2012) [9] provides the methodology needed for collecting and analysing energy data for energy efficiency benchmarking, the standard barely problematizes the challenges involved in using SEC for this purpose. For instance, Farla et al. [8] pointed out that "using the SECs from one country in a cross-country analysis may lead to distortions if the SECs for some of the products are relatively high (due to inefficient processes)" ( [8] , p. 748). Another example is found in Laurijssen et al. [10] , where the authors used SEC to benchmark energy use at process unit level in the paper industry. Additionally, SEC can be used indirectly as in e.g., a study by Phylipsen et al. [11] , where SEC was used to calculate an energy efficiency index (EEI), i.e., the ratio between the actual SEC and the reference SEC to explore the impact when the best available technologies (BATs) are used.
Despite the widespread use of SEC as an indicator for energy efficiency, critical scientific papers on SEC seem-in the authors' opinion-to be almost lacking. Three exceptions are an in-depth review on energy efficiency including SEC written by Patterson [12] and methodologies for international comparisons of energy efficiency by Phylipsen et al. [13] , both published more than two decades ago, and a recent study addressing industrial energy benchmarking in the PPI by Rogers et al. [14] . In summary, although several research studies have adopted SEC as an indicator for the progress of improved energy efficiency, publications on critical assessments when using SEC are scarce. But at the same time, the international standard on energy management systems (ISO 50006:2017) [15] provides general principles and guidance on how a company can establish energy performance indicators and energy baselines for measuring its energy performance. Given the increasing importance of monitoring improved industrial energy efficiency and the rising popularity of SEC as an energy key performance indicator (e-KPI), an in-depth analysis and problematization of the pros and cons of using SEC would appear to be needed. The aim of this article is to critically analyse SEC in relation to industrial energy efficiency.
Background
The variable characterizing energy use per produced product and expressed as a ratio of thermodynamic units per physical unit is often referred to in literature as specific energy consumption (e.g., [8, 12, 16] ). The meaning of SEC is to portray how much energy is used for producing a unit of product. SEC is perhaps used due its convenience, i.e., the amount of energy can be directly reported per amount of product. Generally, SEC is calculated by dividing the amount of energy used with the amount of products. However, both, products and energy carriers are often chosen arbitrarily depending on the intended purpose of using SEC. For example, SEC can be calculated for the total amount of products or for individual products from the product mix. Similarly, SEC can be calculated for the total primary energy used or for specific energy carriers, e.g., how much electricity and heat separately has been used for producing a unit of product. SEC in international standards, such as e.g., ISO 50006:2017 [17] , is recommended for being used as an energy performance indicator, since SEC allows measurement of the energy performance and thus the performance of benchmarking. Benchmarking of energy use in industry is the process of comparing and evaluating energy performance, where SEC can be used for benchmarking at various levels: process, site, national and international benchmarking as in e.g., study by Andersson et al. [18] . Data for rough calculations of SEC is sometimes publicly available in larger companies' annual sustainability reports. Despite the convenience of using SEC, several challenges have been pointed out in the literature (Table 1) . Some solutions have also been presented. For example, Phylipsen et al. [11] use ratios between the actual SEC and the sector-specific reference SEC-the energy efficiency index. Table 1 . Examples of difficulties that have been cited in some of the references using specific energy consumption (SEC). DC-Developing countries.
Type of Difficulty
Difficulties in Citations Reference Page
Availability of information
"Tracking of energy efficiency improvements in pulp and paper manufacturing is difficult, because publicly available data on production, capacity and energy use are limited. Additionally, some countries do not report biomass use for the pulp and paper sector, which makes it difficult to get an accurate picture of the sector's energy needs."
Availability of information "Difficulties in finding relevant data are related to difficulties in comparing production processes and end products." [8] 755
Complexity of integrated processes "One difficulty of finding a set of SECs for the best available techniques is the fact that process steps in the pulp and paper industry are usually integrated. Therefore it is difficult to attribute part of the total energy consumption to any of the products." [8] 749
Partitioning of products "The measurement of energy efficiency in terms of physical-thermodynamic indicators is not as straightforward as it first appears because of the so-called joint production or partitioning problem. This refers to the difficulty in allocating one energy input to several outputs in an industry. [ Variation over time and among countries "Comparing energy efficiency between countries is not straightforward because of differences in economic structure. Also within a country, the economic structure can change over time."
[11] 665
Additionally, there are general aspects affecting the SEC. The age of equipment and the plant itself are some of the aspects that can affect SEC. For example, although newer equipment tends to be more energy-efficient compared to older equipment, it can take a few years to optimize the new equipment after installing it [20] . The location of the plant can also have an effect on SEC, i.e., environmental conditions affect heat demand [20] . Additionally, the size of the plant, for example the width of the paper machine [20] and the production rate ( [20, 21] ), are also variables that affect SEC.
Some of the challenges regarding SEC are also faced by other energy use related fields, e.g., when calculating energy returned on energy invested (EROI) (e.g., [22] [23] [24] [25] [26] [27] ).
Regarding benchmarking, different levels of analysis require different amounts of data. Generally, the more detailed benchmarking is, the more data is required [28] . SEC is one of the methods used for energy benchmarking at multi-national level, national/regional level, site level and process level, where SEC has been used most frequently in benchmarking studies at process level according to the results presented by Andersson et al. [18] . Further, the current average SEC is the preferred indicator for information about energy efficiency at regional or country level, provided that adequate data is available (according to [19] ).
Data and Methods
This article was inspired by the authors' own experiences of using SEC to research industrial energy efficiency and can, therefore, be said to be explorative in nature. Specifically, this article was inspired by experiences while studying SEC to research industrial energy efficiency and factors tending to affect the energy efficiency as well as by research addressing energy management and [6] and 40 pulp and paper mills in Sweden [29] . Examples of other industrial companies that have been studied are 27 foundries in Sweden [30] , 65 foundries in Europe ( [31, 32] ), 23 iron and steel mills in Sweden [33] , 21 industrial companies in Sweden [34] , 11 sawmills [18] , and 8 manufacturing firms in Sweden [35] . A database containing data about the use of individual energy carriers and individual pulp and paper products by individual PPI mills in Sweden since 2002 is used, among others studying SEC, for [6] . The rest of the named studies were conducted by collecting data by questionnaires and/or interviews as well as complementing by data from databases in some studies.
The results are based on a literature search using Linköping University Library's literature search system-UniSearch-that was described in detail in Lawrence et al. [36] . UniSearch contains publications that also available through the Web of Science, Scopus, ScienceDirect, etc. In brief, SEC was searched for within those studies that primarily addressed energy management in the pulp and paper industry. Additionally, the snowball method was applied, whereby e.g., publications that referred to other studies using SEC were also included. The literature search was limited to English-language, peer-reviewed, full-text literature accessible via UniSearch in November 2018. In addition to the scientific review, several standards were reviewed in relation to the meaning and usage of SEC as an energy performance indicator: SS-ISO 50001:2011 (energy management systems [15] ), SS-ISO 50006:2017 (energy management systems-measuring energy performance using energy baselines (EnB) and energy performance indicators (EnPI) [17] ), SS 16212:2012 (energy efficiency and savings calculations, top-down and bottom-up methods [37] ) and SS 16231:2012 (energy efficiency benchmarking methodology [9] ). SEC in the PPI has been used as an example to illustrate the differences in SEC. The PPI was chosen as an example because it is one of the five most energy-intensive industries globally [3] . In fact, the PPI may account for as much as 5.6% of the global industrial energy end-use [3] . With today's attempts to achieve a sustainable circular economy, and given the renewable nature of the resources for production, pulp and paper production is likely to increase. Additionally, the PPI is facing challenges in terms of remaining competitive, where the energy efficiency improvement is seen as one of the most effective strategies for remaining competitive in some countries (e.g., [38] ).
In this study, when needed, primary energy factors (PEFs) and SEC were calculated by dividing the sum of gross electricity produced plus imported/exported electricity, by net electricity used in the country (e.g., [6] ). If the SEC in the references was given in units other than the GWh/kt, then the units were converted. Additionally, when the use of energy carriers was given in the references, e.g., use of electricity and heat, then the usage of the primary energy was calculated by using 2.5 as the PEF. PEF of 2.5 means that the generating efficiency for final energy carrier is 40% and implies that 2.5 units of primary energy carriers generate 1 unit of final energy carrier, e.g., electricity. In this study we presented PEF, therefore, if final energy generating efficiency was presented in a reference, such as that the efficiency for generating electricity was 40% in ref. [8] , it was recalculated to PEF. In cases where the total energy used was already presented in the references without specifying the PEF used to calculate it, not specified (n.s.) is noted.
Results and Discussion

The Meaning of Specific Energy Consumption (SEC)
SEC is a widespread term used by international energy agencies, e.g., [3] , and in research studies, e.g., [38] . Nevertheless, energy can only be converted from one form to another or transferred among systems, and cannot be destroyed or created ( [39, 40] ). According to the first law of thermodynamics: "Although energy assumes many forms, the total quantity of energy is constant, and when energy disappears in one form it appears simultaneously in other forms" ( [39] , p. 22). Thus, energy cannot be "consumed" as such. It is the exergy, i.e., the measure of the quality and quantity of energy, that is available for use [40] . However, exergy is rarely, if at all, mentioned in the literature addressing energy management and using SEC. Instead, the same variable expressed in thermodynamic units per physical units is most often referred to as specific energy consumption. The wording of the term can be misinterpreted, because it is the exergy that is used during the process-the part of the energy that is available to be used for work. Some studies refer to the same term as "typical energy demand", e.g., power demand and heat demand per paper grade [38] or SEC-specific energy demand [41] . In conclusion, it would be better to use the thermodynamically correct names, i.e., specific exergy consumption or specific energy use. Nevertheless, although specific exergy consumption and specific energy use are thermodynamically correct, it could be possible in theory that the change of names could cause some unforeseen/unintended challenges.
Calculations of SEC
Generally (e.g., [8] ), SEC is calculated as a ratio of energy used for producing a product:
Units are seemingly chosen arbitrarily depending on the intended usage of SEC, e.g., GJ/t for heat (e.g., [10] ), and GWh/kt for electricity (e.g., [6] ). When calculating the total energy, including electricity and heat, units are also chosen arbitrarily depending on the purpose of the study. For example, GJ/tonne as in e.g., [8, 10] , while Lawrence et al. [6] used GWh/kt because some of the large companies also used GWh/kt for their SEC in their annual reports (e.g., [42, 43] ).
Calculation of SEC as presented in the Equation (1) is generic, meaning that generally SEC is calculated as a ratio between the energy used and a unit of product. However, Equation (1) can be modified if needed for specifying the type of energy carriers and/or product. For example, Farla et al. [8] calculated SEC for one single individual product for one single individual process as:
In Equation (2), Ex-the energy use of the single individual manufacturing process x and Px-physical unit of a single individual product x. Meanwhile aggregated SEC (SECagg) for a group of products, e.g., for a sector, can be calculated as a ratio of the sum of all the energy used with the sum of all the products produced, providing the production output has the same composition during the time that is to be compared [8] :
In Equation (3), ∑E-sum of all the energy used and ∑P-sum of physical units of all products. Following the principles of Equations (1)- (3), in order to evaluate the usage of individual energy carriers for individual products or a sum of products the individual energy carriers can be used instead. For instance De Beer et al. [16] calculated SEC for electricity and SEC for heat. Furthermore, Laurijssen et al. [10] , calculated specific primary energy use by a process unit:
In Equation (4), Epr-the total annual primary energy used by a process unit and P-the annual amount of products processed by the specific process unit.
Generally, energy use is related to weight units of an air-dried product, which is assumed to consist of 90% oven-dry pulp and 10% water content, even if the actual conditions vary in different environments [44] . The majority of the studies that have used SEC neither mentioned anything about the moisture content nor correction for the moisture content. The exception was a study at process Energies 2019, 12, 247 6 of 22 level presented by Laurijssen et al. [10] that the SEC values for sections pre-and after drying were showed in units of absolute dry end product not in units of absolute dry product that was processed for comparing the two dryers.
Calculations of both of the variables "energy" and "product" are based on assumptions. Roughly speaking, the variable "product" relies on several assumptions. One of the assumptions regards the definition of "product"-is it product sold, i.e., all the produced products minus the products of inadequate quality that could not be sold, or is it all the products produced including the products of inadequate quality to be sold? For example, during the production of paper, e.g., when changing from the production of one paper grade to another or when a paper web breaks, some paper that was produced can be classified as internal waste due to inadequate quality [10] . The internal waste can be re-pulped, which could eliminate or minimize material waste. Nevertheless, the energy that was used for the production of paper of inadequate quality has been wasted [10] . Another example is assumptions originating from the challenges involved in dealing with partitioning of the products, i.e., joint production could cause difficulties in allocating how much energy was required for one specific product [12] . It is possible that this problem can be overcome by individual factories having access to e.g., continuous data, however such data is rarely-if ever-all available to external parties [12] .
Furthermore, uncertainties in energy use because of variations in the analysed system boundaries can also be a challenge. For example, when benchmarking at process level, uncertainty can originate from a lack of clarity about whether only the energy used by the main equipment is included in the analyses. According to Laurijssen et al. [10] , it is often the case that only the energy used by the main equipment is included and that used by auxiliary equipment is excluded, even though the auxiliary equipment (e.g., pumps, peripheral systems for water) also uses energy and is needed in production. For example, >50% of the electricity used for drying pulp can be used for pumping [20] . Furthermore, according to Thollander et al. [45] , the primary energy use is a function of the sum of the production processes and the product-dependent support processes' energy use per product multiplied by the number of products, plus the support processes' energy use. This ax + b function also tells us that the primary energy use is a function of the number of products, but also consists of a base load. This function differs tremendously between different types of companies, where for example a non-energy intensive mechanical engineering company may have support process-related base load energy use of 70-80% on an annual basis, while the same figure for an energy-intensive pulp mill might be few percent in comparison to the energy used, depending on production. Consequently, differences in how to set system boundaries can make the benchmarking of similar processes between different studies challenging. The studied system boundaries for calculating SEC varied substantially in the studies presented in Tables. Generally, the precision of the boundary description tended to increase the more detailed the intended benchmarking by using SEC such as in benchmarking at process level. Namely, detailed descriptions were common while studying SEC at process level, as in e.g., refs. [10] or [7] , whereas for national and international comparison general description such as e.g., PPI in the country when studying SEC at national level without mentioning whether energy was used for not directly production-related processes such as support processes e.g., [6, 46] .
Regarding the total amount of energy, uncertainty comes from using energy from non-primary energy carriers, such as electricity. Since electricity is not a primary energy source, in order to calculate the total energy used, the amount of electricity needs to be multiplied by the primary energy factor (PEF). For example, the fixed PEF in Europe is 2.5 and emanates from the European Energy Efficiency Directive [47] . Using fixed PEF is convenient, but actual PEFs are directly related to country-and year-specific conditions which can deviate from the fixed PEF. This is due to the fact that PEFs tend to vary over time depending on the mix of energy carriers that were used to produce electricity specifically for individual countries. Using the fixed PEF has been criticized by e.g., [47] . PEF converts the usage of non-primary energy carriers such as electricity to the usage of primary energy carriers. PEF is the ratio of primary energy use with the final energy use [48] , and can be shown as in [45] . In Sweden, for example, the annual gross electricity, which is a non-primary energy carrier, production Energies 2019, 12, 247 7 of 22 was calculated as the sum of annual electricity production from e.g., hydropower, nuclear power and imported electricity, minus exported electricity, and then divided by the net electricity used by all sectors in the country [6] . Calculations for the Swedish example were conducted using the Swedish Energy Agency's data [49] . PEF results for Sweden are presented in Table 2 , and show that the PEF for Sweden was lower than the fixed PEF in Europe (2.5) over the period from 2002 to 2015, i.e., 1.61-1.95 (Table 2) . Hence, PEFs also differ among individual countries, e.g., according to Wilby et al. [47] , the PEF is 3.4 for France, 1.4 for Norway and 2.9 for Poland. Differences in SEC between countries contribute to further uncertainties in regard to calculating SEC. If the exact assumptions and calculations are not presented when comparing studies from different countries, SECs need to be recalculated uniformly.
Even though it is possible that in some cases energy carriers with PEF of 1 can be used, the knowledge of how PEF affects SEC is important when comparing the SEC with that from studies with PEF of energy carriers not equal to 1. For instance, when evaluating changes in SEC over time that includes time with PEF for not all energy carriers being equal to 1.
For example, the average PEF for Sweden over the period 2002-2015 is 1.78, which makes the fixed PEF of 2.5 about 1.4 times higher. When the same data is used to calculate SEC for the total energy, the results show that the fixed PEF of 2.5 gives~11% higher SEC for total energy for pulp mills and~15% higher SEC for total energy for paper mills (Table 3) . In summary, PEF differs, whereby a difference of 1.4 for one non-primary energy carrier can alone lead to~11-15% difference in SEC. Therefore, it is recommended to describe what PEF have been used and how the PEF were calculated as well as to scrutinize what PEF in other studies were used for assuring the validity of the comparisons among SEC from different studies and for correctly evaluating sources for variation of SEC.
SEC in International Standards
ISO 50001:2011 (standard on energy management systems-requirements with guidance for use [15] ) specifies that an organization should identify the relevant energy performance indicators for monitoring and measuring its own energy performance, and that those indicators should be reviewed and compared to the appropriate energy baseline. Organizations shall establish, implement and maintain energy objectives and targets, as well as appropriate timeframes for their achievement, considering all the legal requirements, significant energy uses and opportunities for improving energy performance as identified in the energy review [15] .
ISO 50006:2017 [17] provides instructions on how energy performance indicators (EnPIs) and energy baselines (EnBs) are established, used and maintained in the process of measuring energy performance within an organization, and how to determine whether the energy performance meets the targets set by the organization. Energy performance is understood as the "measurable results related to energy efficiency, energy use" [17] . When establishing EnPIs, different characteristics of the energy use, such as base load (e.g., fixed energy use) and variable loads, affected by production, occupancy, weather and other factors, should be taken into consideration. The energy performance can be influenced by different variables (weather conditions, production parameters, operating hours and operating parameters) and by static factors connected to changing business conditions such as market demand, sales and profitability. The relevant variables that can influence the energy performance should be defined, quantified and isolated in terms of significance (ranging from no influence or little influence to significant). The organization sets quantitative references, meaning EnBs for each EnPIs in order to compare EnPIs values over time and to quantify the changes in energy performance. The results of energy performance can be expressed in SEC (e.g., kWh/unit), and when multiple forms of energy are used, conversion to a common unit of measure should be performed in such a way that the conversion process includes the total energy used and the losses. When comparing energy performance results, it is recommended that the EnPI and its corresponding EnBs are normalized by modifying the energy data so that the changes in relevant variables which affect energy performance are considered and the comparison is carried out under equivalent conditions [17] .
According to SS-EN 16231:2012 (standard [9] on energy efficiency benchmarking methodology), when aiming to evaluate and compare performance between or within different entities, the performance data of comparable activities should be collected and analysed. This is basically the process of benchmarking, and different types exist, from internal benchmarking, which involves a comparison of energy performance at different locations within the same organization, to external benchmarking, which can be used to establish a series of EnPIs for either an installation or a product, within the same sector. Benchmarking boundaries should be clearly defined and limited to the process installation, facility, product, building or organization in such a way that the correction factors (e.g., weather conditions, product or service and associated technology, production level and quality of feed stock used) will be applied as little as possible. In energy efficiency benchmarking, the energy use of processes with the same output is assessed, and comparability of processes can be achieved in exceptional cases by the use of correction factors, i.e., well-defined adjustments of the SEC. In energy efficiency benchmarking, SEC is used as an indicator of energy use per (physical) unit of output, and the output can be a product, an activity or a service, e.g., GWh per kt of paper, GJ per tonne of steel, annual kWh per m 2 , or kWh per full-time employee [9] . SS-EN 16212:2012 (standard [37] on energy efficiency and savings calculations, top-down and bottom-up methods) also defines SEC as the energy use per physical unit of output, and describes it at subsector level and relates the annual energy use to annual physical production. It connects the total energy use to the number of systems, in this case the equivalent of mean yearly energy use per system, e.g., GWh per kt of paper, GJ per tonne of steel, kWh per m 2 of dwelling, kWh per refrigerator or L/100 km for vehicles. The change in SEC value over time is used as an energy efficiency indicator for top-down energy savings calculations, as it relates the energy use to a physical output or to the number of systems using energy.
When carrying out a top-down savings calculation, energy indicators will be selected and used. The choice of energy savings indicators starts with the definition of energy savings, which is dependent on the types of drivers (economic, technical or behavioural factors) behind the changes in energy use. When technical efficiency is assessed, SEC per physical unit is calculated. The steps for performing a general calculation of top-down energy savings are: definition of indicator types, calculation of indicator values and calculation of energy savings per indicator. Examples of SEC usage as indicators for these calculations are: (i) SEC at sub-sector level, which relates energy use to physical production (e.g., GWh/kt paper, MJ/tonne of steel, etc.) for a given period, usually a year; and (ii) SEC for energy using systems, which relates total energy use for specific systems to the number or size of systems. The annual energy use may be normalized, meaning that it can be corrected for yearly deviations from average climate that influence energy use and include heating and space cooling.
The value for SEC indicators is calculated using the formula below, where the normalized energy use (NEC) is divided by the driver quantity (DV) for the year t [37] :
where IND is indicator value, NEC is normalized energy use, DV is quantity for driver and t is year of evaluation. The change in SEC indicator value is calculated as follows [37] :
where CIND is change in indicator value, IND is indicator value, t 0 is base year and t is year of evaluation. The energy savings per indicator are calculated as the change in indicator value multiplied by the driver quantity in the year of evaluation, as in the formula below [37] :
where ESPI is energy savings per indicator, IND is indicator value, DV is quantity for driver, t 0 is base year and t is year of evaluation. When calculating energy savings for the industrial sector, SEC for energy-intensive industries is calculated as follows [37] :
Final energy use of the branch Production measured in physical units (e.g., kt)
As can be seen, SEC is presented and recommended as an energy performance indicator for energy efficiency and the formula presented is basically the same in all the reviewed standards. Practical guidance on the usage of SEC is presented, but more analysis on the challenges and usage of SEC is required. The calculations of SEC in the reviewed articles comply with the calculations recommended by the international standards. Additionally, the studies using SEC confirm that the usage of SEC also complies with the requirement to measure energy efficiency.
SEC Usage for Benchmarking
In summary, according to the literature (e.g., [28, 51] ), the relationship between the amount of data and the precision of the identification for improvements can be as illustrated in Figure 1 . In other words, the more disaggregated the level of benchmarking is, the more data is required [28] . For example, international benchmarking can be used to identify the potential for improved energy efficiency, but cannot specify where exactly the energy efficiency improvement measures can be found [51] . However, benchmarking at process level could identify such energy saving opportunities [51] . Notably, international benchmarking is generally challenging due to differences between the sectors, economic structure of the countries, etc. ( [11, 28] ). In agreement, the reviewed studies confirmed that the more disaggregated the level such as e.g., process level, the more precision was required and given (e.g., [7, 10, 16] ), whereas the more aggregated the level of benchmarking, the lower the precision (e.g., [6] ). Some studies addressed one levels of benchmarking within their study (e.g., with the same study, e.g., [7, 10, 16] ), whereas some of the other studies using SEC performed benchmarking at several levels within the same study (e.g., [52] ).
lower the precision (e.g., [6] ). Some studies addressed one levels of benchmarking within their study (e.g., with the same study, e.g., [7, 10, 16] ), whereas some of the other studies using SEC performed benchmarking at several levels within the same study (e.g., [52] ). Additionally, due to the uncertainties that can originate from the usage of different PEFs, more uncertainties when benchmarking at international level come from data on a highly aggregated level, such as when applying the total annual energy used without further explanations and specifications (see e.g., Table 1 ). For example, SEC can be higher or lower for an entire PPI depending on the dominant type of the mill, i.e., pulp mills, paper mills, integrated pulp and paper mills, etc. The types of products that the various mills produce can also affect SEC. The decision on whether to use only direct process data or to include other data, e.g., energy used for waste water treatment, support processes, etc., also influences SEC. Examples of SEC are presented in Table 4 . Table 4 . Examples of SEC for the pulp and paper industry (PPI). "n.s." means that the PEF was not specified in the references and was therefore recalculated as presented in Section 3. Figure 1 . Trend in the relationship between the amount of data and the precision of identification for improvements according to literature (e.g., [28, 51] ).
Energy Used by
Additionally, due to the uncertainties that can originate from the usage of different PEFs, more uncertainties when benchmarking at international level come from data on a highly aggregated level, such as when applying the total annual energy used without further explanations and specifications (see e.g., Table 1 ). For example, SEC can be higher or lower for an entire PPI depending on the dominant type of the mill, i.e., pulp mills, paper mills, integrated pulp and paper mills, etc. The types of products that the various mills produce can also affect SEC. The decision on whether to use only direct process data or to include other data, e.g., energy used for waste water treatment, support processes, etc., also influences SEC. Examples of SEC are presented in Table 4 . Table 4 . Examples of SEC for the pulp and paper industry (PPI). "n.s." means that the PEF was not specified in the references and was therefore recalculated as presented in Section 3. When comparing the results from other studies, it is not always clear what a certain SEC covers de facto depending on the choice of wording. For example, "pulping" is used to describe the process used "to free fibres in wood from lignin that binds these fibres together, and then to suspend the fibres in water into a slurry suitable for paper making" ( [56] , p. 14). For example, the SEC of "pulping chemical" is 1.48 GWh/kt in [54] and probably refers only to the pulping process according to the definition above by Kramer et al. [56] . However, in some references "pulping" is more likely to be used to describe pulp making including all processes that were used to produce pulp, judging by the SEC values. Namely, the SECs for BAT for "chemical pulping" amount to 4.85 GWh/kt and 4.84 GWh/kt in [57] , and are in line with SEC values for "chemical pulp total", 4.47-5.10 GWh/kt, in [7] and "chemical wood pulp", 4.53 GWh/kt, in [8] (Tables A1 and A2 in Appendix A).
Examples of SEC for various paper grades are presented in Table A3 in Appendix A, and SEC for various processes during paper production is presented in Table A4 in Appendix A. SEC for paper grades under the same or similar names, e.g., newsprint, seems to vary more than could be accounted for by using different PEFs. For example, SEC for newsprint varies from 1.44 to 2.55 GWh/kt, making the comparison between SEC from different studies challenging.
Analysis and Proposed Improvements When Using SEC
Despite the frequent use of SEC when benchmarking and working towards improving energy efficiency, clear and detailed descriptions of the assumptions that the SEC calculations are based on seem to be lacking in both scientific literature and international standards. Therefore, based on the review of scientific publications and standards addressing and using SEC, the following important improvements are proposed to improve the reliability and comparability of SEC:
• Define system boundaries. For example, describe whether energy use by auxiliary systems, wastewater treatment facilities, support systems, in situ transport, etc. were included.
• Describe all the assumptions and calculations for calculating the amount of energy used. For example, how the PEFs were calculated and what data was used.
• Define the products and assumptions for calculating the amounts of products. For example, are the products everything that was produced or only the products that were sold? Present assumptions and calculations for calculating amounts of products when partitioning of products was present.
•
When comparing with SECs from other studies, beware of the possible effects due to the differences in assumptions, calculations and other relevant issues, e.g., environmental effects.
Conclusions
The importance of being able to monitor the progress of industrial energy efficiency cannot be understated. With the aim of critically analysing SEC in relation to industrial energy efficiency, some conclusions could be drawn from this study:
• SEC is affected by several factors (Figure 2 ).
• SEC is of greater use if longitudinal benchmarking, i.e., the same company, sector or country, over time, is undertaken.
•
If using SEC for benchmarking between companies, sectors, or countries, extreme caution is required in order to benchmark correctly.
The reviewed standards in this paper provide useful general guidance on the use of SEC as an indicator for energy efficiency, but do not provide a reader with sufficient details of the full range of challenges when using SEC. Hence, more support is needed in this respect, to support both researchers and industry practitioners. Since there is a gap in both research and international standards in the usage and challenges of SEC, a plan for further use of SEC together with monitoring activities is needed.
The difference in the primary energy factor (PEF) can influence SEC calculations significantly.
• SEC is a more optimal e-KPI within the same study, when all deployed SECs are calculated in the same way, and with the same underlying assumptions.
We suggest that specific exergy consumption with the abbreviation SEC would be a more correct term than specific energy consumption. Alternatively, specific energy use could be used.
• Prior to the use of SECs from other studies, it is recommended that the factors affecting the production of the products, calculations and assumptions on which these calculations were based should be scrutinized critically to ensure the reliability of the comparisons.
• SEC is a convenient and easy-to-use energy efficiency indicator with the potential for use in various benchmarking applications, provided that it is calculated with adequate assumptions and calculations to ensure its reliability.
Further quantitative analyses are recommended on SEC from various studies for studying the underlying tendencies and relationships among the factors affecting SEC, e.g., the time trends, extent of studies, levels of benchmarking, etc.
We recommend to be clear about the assumptions and calculations when calculating SEC and applying SEC from other studies for enabling evaluation whether the possible difference in SEC is not just caused by the differences in the underlying assumptions when calculating SEC alone. Specifically, it is recommended to consider:
Origin, availability and quality of information and data that was used for calculating SEC. That system boundaries are as precise as possible, e.g., energy used by the main equipment and/or auxiliary equipment used in production and/or parts of it. The conversion of non-primary energy carriers to primary energy carriers, e.g., the PEF used. The calculation of energy use and the number of products for individual products in cases when partitioning of products is present. Whether sold products or produced products used for the calculations.
Other factors that may influence SEC such as specifications of equipment, e.g., age of equipment, specifications of production, e.g., production rate, and environmental conditions. • SEC is of greater use if longitudinal benchmarking, i.e., the same company, sector or country, over time, is undertaken.
• If using SEC for benchmarking between companies, sectors, or countries, extreme caution is required in order to benchmark correctly.
We suggest that specific exergy consumption with the abbreviation SEC would be a more correct Figure 2 . Examples of factors affecting the numbers for energy used and products, and therefore SEC.
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